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Contained herein is a system and method for using non 
contact diffuse optical skin reflectance method to obtain 
remote sensing of in - vivo glucose levels in biological tissue 
or fluids . One embodiment uses an optical , non - contact 
method capable of measuring glucose levels at a stand - off 
distance of 0.5 to 2 meters . In this method , the tissue is 
illuminated with a collimated beam of near - infrared ( optical ) 
band of light having a specific band of wavelengths . The 
diffuse reflectance measured from the tissue / fluid is col 
lected while varying the optical circuit . Using the collected 
data , an algorithm to unravel the mixed effects of tissue / fluid 
scattering and absorption is applied to determine the absorp 
tion level of the light , which is then associated with a 
quantitative glucose level . 
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SYSTEM AND METHOD OF NON - CONTACT 
GLUCOSE SENSING 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[ 0001 ] This application claims the benefit of U.S. Provi 
sional Patent Application Ser . No. 63 / 053,004 filed on Jul . 
17 , 2020 , and incorporates said provisional application by 
reference into this document as if fully set out at this point . 

TECHNICAL FIELD 

[ 0002 ] This disclosure relates generally to glucose sensing 
and , more particularly , to systems and method of non 
contact glucose sensing in aqueous turbid media . 

BACKGROUND 

a 
[ 0003 ] There is a significant and enduring demand for 
continuous and convenient monitoring of glucose in a sub 
stantial proportion of population for a broad spectrum of 
pathological conditions . National diabetes statistics report 
for 2020 show that 34.2 million ( -10 % ) American have 
diabetes , and 88 million American adults ( ~ 33 % ) have 
prediabetes . With the increase of the obesity rate in the US 
population , it can be expected that more American adults 
will develop prediabetes and diabetes . The prevalence of 
diabetes is no different at global level ; approximately 463 
million adults are living with diabetes in the world . The 
American population diagnosed with diabetes — needing 
monitoring of glucose level on a regular basis — is estimated 
to be 26.8 million people or 10.2 % of the population . 
Frequent glucose monitoring is needed for treating diabetic 
complications such as hyperglycemia or hypoglycemia . Fre 
quent glucose monitoring to control the extent of blood 
glucose swings is also important to mitigating long - term 
secondary effects of diabetes , such as retinopathy , nephropa 
thy , neuropathy and microangiopathy / macroangiopathy . 
[ 0004 ] The conventional electrochemical technique to 
measure glucose level requires taking blood samples by 
using a finger - prick device from subject . The collected blood 
samples can be either analyzed by labs in clinics or hospitals 
or by a small glucometer for home use . Although the direct 
enzymic measurement of serum glucose assures accurate 
information , the invasive needle - pricking step to collect 
blood often results in patients ( particularly young patients ) 
being reluctant to adopt the process to meet the needs of 
frequent monitoring , such as after food intake . The discrete 
ness of the invasive sampling approach also makes it diffi 
cult to apply to continuous glucose monitoring during sleep 
and exercise . 
[ 0005 ] Recently , researchers and industry have shown 
great interest for developing non - invasive methods / devices 
for glucose assessment . The non - invasiveness of these meth 
ods requires that a measurement probed by an on - surface or 
off - surface sensor shall respond to the alteration of tissue 
properties caused by the change of glucose concentration in 
serum or interstitial spaces in comparison to a calibratable 
baseline . Non - invasive methods can belong in two catego 
ries : non - optical and optical . The three well - known non 
optical methods are : ( 1 ) electromagnetics sensing ( the glu 
cose level is proportional to the ratio between input and 
output voltages ( or currents ) of two inductors where the 
subject's skin is placed ) , ( 2 ) bioimpedance spectroscopy , 
a.k.a. dielectric impedance spectroscopy ( the changes in the 

permittivity and conductivity of the membrane in red blood 
cells is caused by glucose changes ) , and ( 3 ) ultrasound ( the 
propagation time of ultrasound waves through the skin is 
proportionally affected by the concentration of glucose in 
the tissue ) . Optical non - invasive methods take advantages of 
the glucose - induced change of polarization , reflectance , 
scattering and absorption of light when passing through a 
biological medium . Some of the popular non - invasive opti 
cal glucose monitoring methods are : photoacoustic NIR and 
mid - infrared ( MIR ) spectroscopy , Raman spectroscopy , 
optical polarimetry , optical coherence tomography , fluores 
cence spectroscopy , and far - infrared ( FIR ) spectroscopy , as 
are referred to in two recent comprehensive review articles . 
The subject's targeted skin area , essential to optical probing , 
depends on the method used . Potential areas include , but are 
not limited to , fingers , arms , hands , lips , and ear lobes . 
[ 0006 ] Although these methods are non - invasive , they still 
required body contact applicators , i.e. , the applicator for 
delivering the probing light to tissue and collecting that light 
has to touch the skin , hence some of them are called 
wearable non - invasive glucose sensors . Given the link 
between human's health and glucose level and its variations , 
there is a desire to discretely and non - intrusively monitor 
this vital sign in human subjects ( susceptible to diabetes ) as 
they carry out their daily routine including sleep . This has 
prompted the need for sensing methods that can monitor 
glucose level in a non - contact fashion without impairing the 
normal activities of a subject . In one prior art approach to 
non - contact sensing vibrations of laser - illuminated skin ( at 
a 50 cm distance ) were recorded by a camera , and then 
processed by using image processing algorithms to estimate 
glucose level ( compared to a reference point ) . The technique 
tracked temporal changes of reflected secondary speckle 
produced in human skin ( wrist ) when being illuminated by 
a laser beam . A temporal change in skin's vibration profile 
generated due to blood pulsation was projected correlating 
with the glucose concentration . Another prior art approach 
involved estimating the glucose concentration by tracking 
the secondary speckle pattern of a laser beam illuminating 
the human skin near blood artery and modulated by a 
magnetic field . The magnetic field created Faraday rotation 
of the linearly polarized light when passing through a 
medium , which was used as an additional modulating factor 
to the detected speckle field of which the change was 
projected to correlate with glucose concentration . Although 
these two approaches were non - contact , such methods may 
be subject to two major concerns : 1 ) usage of laser light and 
the accompanied eye - safety concern , and 2 ) usage of camera 
( imaging ) -based methods and the accompanied privacy con 
cern . 

[ 0007 ] Whichever light - based method is used , the 
approach needs to probe a tissue property that can cause a 
measurable change of the light due to the change of glucose . 
And the more direct the light interacts with the glucose 
molecules , the more sensitive and accurate the measurement 
would become . In this work , we are interested in non 
contact assessment of glucose concentration in tissue over a 
meter - scale projection distance for the prospect of long 
range continuous monitoring with autonomous tracking but 
without privacy concerns . This limits the technical options 
to only a few , including diffuse reflectance spectroscopy 
( DRS ) . Practically , however , assessing the change to light 
absorption by glucose over a meter - scale distance using the 
spectral specificity available in DRS introduces several 
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difficulties that could be challenging to address simultane 
ously . Two such challenges are : ( 1 ) the light collected 
remotely in response to remote illumination shall have 
propagated within the tissue , i.e. , transdermal , rather than 
diffusely reflected from the surface such that the diffusely 
remitted light carries the information of absorption by 
glucose deeper in the tissue ; ( 2 ) the light intensity detected 
remotely in response to remotely applied eye - safe ( thus low 
spectral intensity ) illumination shall be adequate to allow a 
measurement time - scale that is amenable to practical use . To 
enhance the signal response to the glucose absorption , it is 
desirable to collect photons that have propagated farther 
within tissue , which requires greater source - detector sepa 
ration ( SDS ) . However , greater SDS and longer photon 
paths would lower the light remission intensity making 
detection too costly in time or photon budget . 
[ 0008 ] Before proceeding to a description of the present 
invention , however , it should be noted and remembered that 
the description of the invention which follows , together with 
the accompanying drawings , should not be construed as 
limiting the invention to the examples ( or embodiments ) 
shown and described . This is so because those skilled in the 
art to which the invention pertains will be able to devise 
other forms of this invention within the ambit of the 
appended claims . 

medium absorption / reduced - scattering property 
observed for four conditions of the glucose - medium com 
position that differed either in the effective glucose concen 
tration or the host medium scattering property . The cumu 
lation of glucose up to 17.8 mg / dL , and 8.9 mg / dL , in the 
host medium having the same optical properties resulted in 
linear regression slopes of 0.0032 and 0.0030 , respectively . 
The cumulation of the glucose up to 17.8 mg / dL in an 
aqueous host medium that differed two folds in the reduced 
scattering property caused the linear regression slope to 
differ between 0.0032 and 0.0019 . The R2 values of all cases 
were all greater than 0.987 . 
[ 0013 ] The foregoing has outlined in broad terms some of 
the more important features of the invention disclosed herein 
so that the detailed description that follows may be more 
clearly understood , and so that the contribution of the instant 
inventors to the art may be better appreciated . The instant 
invention is not to be limited in its application to the details 
of the construction and to the arrangements of the compo 
nents set forth in the following description or illustrated in 
the drawings . Rather , the invention is capable of other 
embodiments and of being practiced and carried out in 
various other ways not specifically enumerated herein . 
Finally , it should be understood that the phraseology and 
terminology employed herein are for the purpose of descrip 
tion and should not be regarded as limiting , unless the 
specification specifically so limits the invention . SUMMARY OF THE INVENTION 

BRIEF DESCRIPTION OF THE DRAWINGS [ 0009 ] According to an embodiment , the instant disclosure 
demonstrates DRS in a center - illumination - area - detection 
geometry that strikes a balance between enhancing sensi 
tivity and reducing collection time using a particular set of 
projection optics and source capacity . 
[ 0010 ] Contained herein is a system and method for using 
non - contact diffuse optical skin reflectance method to obtain 
remote sensing of in - vivo glucose levels in biological tissue 
or fluids . One embodiment uses an optical , non - contact 
method capable of measuring glucose levels at a stand - off 
distance of between 0.5 and 2.0 meters . This is in contrast 
with existing glucose measuring technologies which might 
require contact with the tissue or with the fluid itself or 
require placement in very near proximity thereto ( e.g. , < 1 
mm ) . 
[ 0011 ] According to this embodiment , the tissue is illumi 
nated with a collimated beam of near - infrared ( optical ) band 
of light having a specific band of wavelengths . The diffuse 
reflectance measured from the tissue / fluid is collected while 
varying the optical circuit . Using the collected data , an 
algorithm to unravel the mixed effects of tissue / fluid scat 
tering and absorption is applied to determine the absorption 
level of the light , which is then associated with a quantitative 
glucose level . 
[ 0012 ] By way of further explanation , one embodiment 
utilizes a non - contact diffuse reflectance approach to glucose 
sensing with a working distance preferably of about 1.1 
meters . Non - contact diffuse reflectance over 1.1-1.3 um was 
developed according to a center - illumination - area - detection 
( CLAD ) geometry . The modeled response of diffuse reflec 
tance in the CLAD geometry was examined with phantoms 
by altering independently the size of the collection geometry 
and the reduced scattering and absorption properties of the 
medium . When applied to aqueous turbid medium contain 
ing glucose control solutions with the cumulative volume 
varying over three orders of magnitude , a linear relationship 
expected for the diffuse reflectance as a function of the 

[ 0014 ] These and further aspects of the invention are 
described in detail in the following examples and accom 
panying drawings . 
[ 0015 ] FIG . 1A illustrates how diffusely propagated light 
in tissue is used to assess the glucose level by identifying the 
change to the spectral intensity of the remitted light due to 
glucose in the vascular and interstitial spaces . The assess 
ment of the glucose - induced change to the diffusely remitted 
light favors longer pathlength of the light in tissue to 
enhance the response to the same change of the glucose 
concentration . FIG . 1B illustrates a case where light projec 
tion and light collection is performed over a relatively long 
distance and only the flux of the diffusely reflected light that 
is within a very small spatial angle can be collected . 
[ 0016 ] FIG . 2A depicts the spatially resolved diffuse 
reflectance flux J ( -2 ) ( Playlis ' ) from a medium of semi 
infinite geometry as a function of the source - detector sepa 
ration ( SDS ) , p . As p increases , J ( -2 ) ( alls ' ) decreases 
rapidly . The lower panel ( FIG . 2B ) illustrates the total 
diffuse reflectance loxp ( Hart ' : ' ) over the entire circular area 
with the radius set by p . The circle on the curve of FIG . 2B 
corresponds in numerical value to the shaded portion of the 
upper panel indicating an integration . As p increases , 1o « > p 
( Hall , ' ) will eventually reach a plateau . 
[ 0017 ] FIG . 3A illustrates a scenario involving a turbid 
medium of infinite geometry . An isotropic point source is set 
at ( 0 , 0 , Za ) . The photon flux along the - Ž ( up ) direction is 
assessed at a position ( 2,0,0 ) which has an SDS of 1reat from 
the source at ( 0 , 0 , Z. ) . S ( 0,0 , za ) isotropic source centered 
at ( 0 , 0 , Za ) . The embodiment of FIG . 3B illustrates a turbid 
medium of semi - infinite geometry which includes an 
extrapolated boundary set at a distance of zy away from the 
physical boundary . A directional point source normal to the 
medium surface is applied at the origin of the polar coor 
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dinate . The diffuse photon flux caused by the directional 
source is to be equivocated by an isotropic source positioned 
at ( 0 , 0 , Za ) as in ( A ) . The photon flux along the - Z direction 
assessed at a position ( p , 0 , 0 ) on the medium surface that 
has a SDS of 1reat from the equivalent isotropic source at ( 0 , 
0 , za ) will contain the effect of the medium - air boundary 
which is treated by using an image source approach . The 
image source is the mirror image of the equivalent isotropic 
source with respect to an extrapolated boundary set at a 
distance of zy away from the physical boundary , where S [ 0 , 
0 , - ( Za + 22 ) ] is an isotropic source centered at [ 0 , 0 , 
- ( Za + 22 ) 
[ 0018 ] FIG . 4 contains a representation of an embodiment 
of a diffuse reflectance spectroscopy ( DRS ) system . Com 
ponents used in the source channel : SF , source or illumina 
tion fiber , sL1 , lens 1 ; sL2 , lens 2 ; sp , linear polarizer . 
Components used in the detection channel : dF , detection 
fiber ; L1 , lens 1 ; dL2 , lens 2 ; dp , linear polarizer . M , mirror . 
IX : Illumination . DX : detection . 
[ 0019 ] FIG . 5 contains a schematic drawing of an embodi 
ment of a 1 " -cage transmission setup for assessing the 
spectral absorption difference between glucose and water 
over 1.1 um to 2.1 um . The broad - band light illuminated by 
a 100 um fiber was collimated by an aspherical lens of focal 
length 8.0 mm and projected a detection fiber via another 
aspherical lens of focal length 15.29 mm . The beam passing 
a cuvette of 1 cmx1 cm cross - section was aligned by two 
pinholes set at the opposite sides of the cuvette . A custom 
platform was fabricated to maintain a fixed position of the 
cuvette when interchanged for different samples , and the 
tight contact of the pinholes with the cuvette to sustain the 
consistency of the beam after switching the samples 
[ 0020 ] FIG . 6 contains a schematic drawing of an embodi 
ment that illustrates the ray tracing used to estimate the 
change of the collection area as the distance between the 
collection fiber dF and its focusing lens dL1 was adjusted . 
The distance between the detection fiber dF and the focusing 
lens dll of a focusing depth of f , is x , the distance between 
the focusing lens dL1 and the relay lens dL2 of a focusing 
depth f is 11 , and the distance between the relay lens dL2 
and the sample is 12. The radius of the collection beam on the 
sample is p ( Ax ) , where Ax is the displacement of the 
detection fiber dF from the position projecting the smallest 
spot on the sample . The table shows parameters associated 
with three solid phantoms used for assessing the change of 
the total diffuse reflectance as a function of the size of the 
collection of the center - illumination - area - defection ( CLAD ) 
geometry . 
[ 0021 ] FIG . 7 contains an embodiment of a configuration 
of an aqueous sample allowing homogenization of the 
medium as the medium's scattering or absorption property 
which was changed by injecting scattering or absorption 
materials by using syringe . A container of approximately 
350 ml capacity was fabricated from black polycarbonate 
material of 4.125 " in outside diameter . The container had a 
bottom layer thickness of approximately 0.04 " ( 1 mm ) to 
allow a 2.75 " magnetic agitator to be activated . The con 
tainer was concentric to the axis of the rotation of the 
magnetic agitator . The agitation caused the surface of the 
aqueous medium to be parabolic , and the light collection 
area that was centered on the light illumination spot was set 
at the middle - section between the agitation lowest center 
point of the aqueous surface and the container edge . 

[ 0022 ] FIG . 8A contains the raw transmission spectra of 
the water ( solid black line ) and the glucose shot solution 
( dashed line ) according to an embodiment . FIG . 8B contains 
the differential spectral absorption of glucose that exceeds 
the water . 
[ 0023 ] FIG . 9 contains an exemplary total diffuse reflec 
tance from three solid phantoms when assessed with the 
CIAD geometry at varying size of collection . The size of 
collection was controlled by translating the distance between 
the focusing lens and the detection fiber at a step of 100 um 
over a total displacement of 10 mm . The open - marker data 
points correspond to the measurements , the solid lines 
correspond to 3D simulation by using Zemax , and the dotted 
lines correspond to 2D geometrical modeling . The three sets 
of data in descending order correspond to the three solid 
phantoms of increasing absorption coefficients but with 
approximately the same reduced scattering coefficients . The 
noticeable discrepancies between the 2D geometrical 
model - prediction and the experimental measurements in the 
zone marked as ( 1 ) starting at the reference position corre 
sponding to the minimal spot sizes were due to the noise 
floor of all sources that may include those of the surface 
reflection that was impractical to suppress completely even 
with the implementation of the polarization controllers . The 
ascending trends as shown in the zone marked as ( 2 ) were 
consistent among the three sets of assessment . As the 
detector - fiber was displaced further from Zone ( 2 ) to reach 
the zone marked as ( 3 ) , the total diffuse reflectance degraded 
as was also revealed by Zemax . The peaking of the three 
experimental curves of the total diffuse reflectance at the 
same distance between the collection fiber and the focusing 
lens suggested to operate the CLAD configuration at the 
peaking displacement to assure acquiring the maximal 
amount of signal for otherwise the same configurations . 
[ 0024 ] FIG . 10 illustrates total diffuse reflectance from an 
aqueous tissue phantom when assessed with the CIAD 
geometry configured at a fixed size of collection correspond 
ing to the peaking setting of FIG . 9 , as a function of the 
reduced scattering coefficient of the medium over a range of 
two orders of magnitude . The relative intensity as normal 
ized with respect to that of the one corresponding to the 
maximal intralipid concentration configured was displayed 
at linear scale of the abscissa in FIG . 10A and logarithmic 
scale of the abscissa in FIG . 10B . The two circles with dots 
in ( A ) and ( B ) denote that the reduced scattering properties 
of the aqueous medium increased from low ( sparsely dotted 
in the circle of ( FIG . 10A ) ) to high ( densely dotted in the 
circle in ( FIG . 10B ) ) . It was indicated that the model 
prediction was in excellent agreement with the experimental 
results as the medium reduced scattering was greater than 10 
cm- ?, whereas the model - prediction was considerably off in 
the lower scattering region . 
[ 0025 ] FIG . 11 contains an example of the total diffuse 
reflectance from an aqueous tissue phantom when assessed 
with the CIAD geometry configured at a fixed size of 
collection corresponding to the peaking setting of FIG . 9 , as 
a function of the reduced scattering coefficient of the 
medium over a range of two orders of magnitude . The 
relative intensity as normalized with respect to that of the 
one corresponding to the maximal intralipid concentration 
configured was displayed at linear scale of the abscissa in 
FIG . 11A and logarithmic scale of the abscissa in FIG . 11B . 
The two circles with dots in FIGS . 11A and 11B denote that 
the reduced scattering properties of the aqueous medium 
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increased from low ( sparsely dotted in the circle of FIG . 
11A ) to high ( densely dotted in the circle in FIG . 11B ) . It 
was indicated that the model - prediction was in excellent 
agreement with the experimental results as the medium 
reduced scattering was greater than 10 cm- ?, whereas the 
model - prediction was considerably off in the lower scatter ing region . 
[ 0026 ] FIG . 12A contains an example of total diffuse 
reflectance from an aqueous turbid medium with the glucose 
concentration varying over three orders of magnetite when 
assessed at a 1.1 meters distance and FIG . 12B contains the 
differential or modified diffuse reflectance processed accord 
ing to the RHS of Eq . ( 18 ) as a function of the cumulative 
volume of the glucose control solution injected into the host 
aqueous medium containing intralipid . The four curves in 
( A ) or ( B ) correspond to four conditions of the glucose 
medium contrast as illustrated in the middle vertical panel . 
The host aqueous medium had intralipid concentration of 
1 % , 1.14 % or 2 % . The control solution differed in the 
effective concentration of glucose , either 0.2 % or 0.4 % . 
Each of the curves had one among the three other curves to 
differ in only one condition of the glucose - medium combi 
nation . 

DETAILED DESCRIPTION 

[ 0027 ] While this invention is susceptible of embodiment 
in many different forms , there is shown in the drawings , and 
will herein be described hereinafter in detail , some specific 
embodiments of the instant invention . It should be under 
stood , however , that the present disclosure is to be consid 
ered an exemplification of the principles of the invention and 
is not intended to limit the invention to the specific embodi 
ments or algorithms so described . 
[ 0028 ] By way of general explanation , consider the sce 
nario of using light that has diffusely propagated in tissue to 
assess a tissue constitute ( e.g. , glucose molecules ) based on 
a contrast of spectral absorption over the background 
medium , as illustrated in FIG . 1A . A spatially impulsive 
illumination of an ideally spectrally flat steady - state ( the 
treatment is limited to steady - state condition in this work ) 
source with a unitary spectral intensity that is applied normal 
to the medium at a position r ' is represented by I. ( 1,2 ) = 8 ( 
? - ' ) 8 ( 1 - ? 2 ) , where ž denotes the direction of normal 
injection to the medium , and ? is a direction of the light 
irradiance . The diffusely propagated light remitted at a 
position † at the wavelength a ( R ( r ' , 2 ) ) with a mean 
pathlength in a medium that is substantially greater than the 
reduced - scattering step - size of the medium can be simplified 
as the following : 

RT , ̂ ) = Rscat [ ; ' ( X ) ] exp [ -Ha ( ) < ( 1 ( ~ ) > ] , ( 1 ) 

where ' a [ cm ] is the absorption coefficient , u , ' [ cm ] is 
the reduced scattering coefficient , Rscat is the photon - energy 
scaled diffuse photon irradiance [ cm - 2.sr - l ] in the absence 
of absorption , and ( 1 ) is the mean pathlength [ cm ] of the 
light in tissue between the point - of - incidence ( POI ) and the 
point - of - remission ( POR ) . The line - of - sight distance 
between POI and POR is the source - detector separation 
( SDS ) referred to in the supra . 
[ 0029 ] Using diffusely reflected light to assess or monitor 
the glucose level in tissue concerns assessing the change of 
R ( 7,4 ) with respect to a baseline calibration . Assuming a 
stable Rscat , Eq . ( 1 ) becomes 

If the wavelength chosen would cause the light absorption 
by tissue to be dominated by water , and the concentrations 
of light absorbers in tissue other than glucose molecules 
remain stable over the course of measurement , the change to 
the spectral absorption of tissue with respect to the normal 
value is then attributed to the change of glucose only as 

A [ H . ] = Eglu ( ) : A?glu ) , ( 3 ) 

where Egiula ) is the molar extinction coefficient of glucose , 
and [ glu ] is the molar concentration of glucose averaged 
over the interstitial and vascular spaces as a first - order 
approximation . The application endpoint is to retrieve 
A [ glu ) , which is dictated by the ability to resolve A [ ua ] , 
which in this work is assessed by diffuse reflectance of a 
unique configuration . 
[ 0030 ] One consideration of non - contact assessment of 
glucose concentration in tissue is the meter - scale projection 
distance . Preferably the projection distance will be signifi 
cantly greater than the SDS although that is not a require 
ment . However , to the extent that it is that configuration will 
tend to limit the projection optics to parallel - to - the - axis . 
Therefore , what can be collected from the tissue for the 
assessment will be limited to the light flux that is within a 
very small solid angle centered on a direction parallel to the 
optical axis of the detection geometry . Due to this geometri 
cally preferred arrangement , the analysis of the diffuse 
reflectance from tissue in this long - distance geometry 
assesses only the flux of the light remission that is normal to 
the tissue surface in response to a pencil beam illumination 
injected normal to the medium surface . 
Total Diffuse Reflectance Associated with a CLAD Geom 
etry Projected Over a Substantial Distance 
[ 0031 ] Next the light diffusely reflected from the surface 
of a homogeneous turbid medium bounded with air as 
shown in FIG . 1B is considered . The POI is set as the origin 
of the polar coordinate of which the Z aligns with the 
direction of light incidence . The spatially resolved diffuse 
photon flux on the surface at an SDS of p from the POI and 
normal to the tissue surface ( i.e. , along the - Ž direction ) 
should be azimuthally uniform with respect to the POI for a 
homogeneous medium and is denoted by J1-3 ) ( Call , ' ) . The 
entirety of J - zj ( Platt , ' ) is assessed over a circular area 
centered on the POI and having the radius of p , as the total 
diffuse reflectance to be collected by the projection optics at 
a distance that is long enough to render the collection of only 
the flux aligned with - Ž . This total diffuse reflectance for a 
homogeneous medium is the integration of J ( -2 ) ( Pelast ' , ' ) as 

10 -- parls " ) = 21 : 8,9 % -7 ( P . " pdp . ( 4 ) 

[ 0032 ] As p increases , J ( -2 ) ( Mall , ' ) will decrease rapidly 
due to diffuse attenuation by combined tissue scattering and 
absorption , meaning the total light remission will not 
increase much after p reaches a threshold ( or equivalently 
the scattering step - size scaled dimensionless term us'p ) . This 
conceptual pattern of the decrease of J ( -7 ) ( glaslls ' ) associ 
ated with a pencil beam illumination is illustrated in the 
upper panel of FIG . 2. Equivalently , as p increases , 10 - sp 
( Uau , ' ) would increase until reaching a plateau since the 
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photon flux caused by the directional source is to be equivo 
cated by an isotropic source positioned at ( 0,0 , Za ) . The 
photon flux along the - z direction is assessed at the position 
( 0,0,0 ) that has a distance of Treat defined in Eq . ( 6 ) from the 
equivalent isotropic source at ( 0,0 , za ) that is placed inside 
the medium . The effect of the medium - air boundary is 
treated with a Robin - type extrapolated - zero boundary con 
dition , by setting an image of the equivalent isotropic source 
with respect to an imaginary boundary that is set at a 
distance of Zy away from the physical boundary . The dis 
tance of the extrapolated boundary from the physical tissue 
air boundary is 26 = 2AD [ cm ] , where A = ( 1 + 5 ) / ( 1-5 ) and 
= -1.44niss + 0.710nfiss ? + 0.668 + 0.0636nxiss , where nfiss is -1 

the refractive index of the medium that is set at 1.4 in this 
work . 

[ 0036 ] The image source at [ 0,0 , - ( Ze + 2Zy ) ] incurs another 
distance for the point ( p , 0,0 ) on the medium - air boundary 

> 00 

-2 

+ 

total light of diffuse remission collected on the surface 
cannot exceed the light injected into the medium . 
[ 0033 ] The total photon flux along the - Ž direction over 
the CLAD area having a radius of p can be decomposed to 
two parts as : 

lo - sp ( Haris ' ) = loro ( Hashtes ' ) - Ip - co ( Hartlis ' ) , 
where loc ( talls " ) corresponds to the total photon flux 
collected over the entire half - plane of the medium - air inter 
face , and Ipszc ( llazul , ' ) is the total photon flux collected 
outside the CLAD area of the radius p . As p or equivalently 
us'p increases , Ip - co ( l'artis ' ) shall approach 0 , and lo - zolla , 
u , ' ) would approach 10-200 ( lat . ' ) ( which is bounded at the 
input light intensity subtracting the amount of absorption by 
the tissue ) and thus may be approximated by loc ( uagus ' ) 
above a threshold of uz'p . In the following , the dependency 
of I ( Hagt , ' ) upon la and , ' or us'p is shown , while identi 
fying an approximate relation between the medium's 
absorption - to - reduced scattering ratio and the total diffuse 
reflectance acquired in the CIAD geometry . 
Model of Total Diffuse Reflectance Associated with a CLAD 
Geometry Projected Over a Substantial Distance 
[ 0034 ] The diffuse photon flux in a homogeneous turbid 
medium of infinite geometry as is illustrated in FIG . 3A 
when illuminated by an isotropic point steady - state source S 
of unitary power will first be considered . The isotropic 
source S is set at ( 0,0 , Za ) , where za = ( us ' ) - ' , of which 
us ' = us ( 1-9 ) , ls is the scattering coefficient [ cm - l ] and g is 
the anisotropy factor of tissue scattering . The tissue dimen 
sion for the diffuse reflectance to be probed remotely by an 
optical projection setup that can be configured with the 
popular 1 " cage system is further considered as an example . 
A parallel - to - the - axis condition pertinent to a 1 " cage optics 
would result in an effective tissue dimension of approxi 
mately 2 cm in diameter at parallel - to - the - axis projection . 
The photon fluence rate at a position ( p , 0,0 ) which has a 
distance of 

as : 

limag = V P2 + ( z . + 222 ) , 
a [ 0037 ] The photon fluence rate and photon flux assessed 

on ( p , 0,0 ) now will contain the contribution by both the 
equivalent isotropic source at ( 0,0 , Za ) and the image of it at 
[ 0,0 , - ( Za + 22 ) ] with respect to the extrapolated boundary . 
The two components of photon fluence rate on ( p , 0,0 ) 
contributed by the two sources have opposite signs , but the 
two components of photon flux on ( p , 0,0 ) and along the - 
? direction contributed by the two sources have the same 
sign . The composite photon flux along the - Ž direction 
when assessed at ( 0 , 0,0 ) is thus 

( 10 ) ( -3 ) ( , 0 , 0 , Ma , M ) = 1 [ za ( efflreal + 1 ) exp ( -Hefflreal ) + 4? ( lread ) 3 
( zoa + 27b ) ( Wefflimag +1 ) -exp ( -Hef flimag ) ( limag ) 3 Limos ) treatVp ++ z2 ( 6 ) 

with respect to the ource S ( 0,0 , za ) is : 

1 1 ( 7 ) ( 0,0,0 ) = 4AD I real -exp ( -Hefflreal ) , 

[ 0038 ] Substituting Eq . ( 10 ) to Eq . ( 4 ) gives the total 
photon flux along the - Z direction over the CIAD area with 
a radius of p . For the convenience of the subsequent 
analyses , the total photon flux lo - p ( uql , ' ) is split to two 
parts by referring to Eq . ( 5 ) as : where D = 1 / [ 3 ( ua + us ) ] is diffusion coefficient [ cm ] and left 

Vud / D is effective attenuation coefficient [ cm - l ] . The cor 
responding photon flux at the position ( p , 0,0 ) and projected 
along the - Ž direction is 

( 11 ) 
2? 

0 

1 

1-360 , 0 , 0 , Ma , M ) = ( 8 ) 

locsoltan H3 ) = 21 [ , 0 , 0 , Max 183 ) • p - dp = 
z { exp ( -Heff.za ) + exp [ -Hef f ( za + 2zb ) ] } , ) ) 

Iprolda , M6 ) = 20 ° 44-360 , 0 , 0 , Mas 15 ) .p - dp = 
expl - Mess Vo ? + ( 2.12 ) + 

( 12 ) 
-D ( -2 ) . V4 ( 0 , 0 , 0 ) 1 zaWefflreal +1 ) 

( I real ) 3 -exp ( -Mefflreal ) . 40 

za 

VO2 + ( 22 ) 

wa + 2z , b 

[ 0035 ] The diffuse photon flux in a homogeneous turbid 
medium of semi - infinite geometry is illustrated in FIG . 3B 
in response to a directional point illumination injected 
normal to the medium surface . The geometry of ( B ) shares 
the same polar coordinates and dimensions with ( A ) when 
pertinent . The directional point source normal to the medium 
surface is applied at the origin of the coordinate . The diffuse 

exp ( -Hess Vp2 + ( 2a +220 ) Vp² +6 p2 + ( za + 2zb ) 2 
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[ 0039 ] Equation ( 11 ) evolves to 

2zb ( 13 ) ( 19 * ) 210-06dan 4 ) = exp [ -tertid + exp [ -C ( 1 + 2 ) :) M's Meff 
It's 

Meff 
u's 

1 
wa 

where 

22b 4A 1 ( 14 ) 
Za 3 Ha 1+ ? ) 

Eq . ( 12 ) can be rewritten , by using a dimensionless term ' , ' p 
which specifies the relative size of the CIAD area with 
respect to the reduced scattering step - size , as the following : glu ( 3 * ) 

that identifies the absorption caused by glucose ( when 
neglecting absorptions by other molecules ) : 

Ha = " , " IV 1 + % ( Icon12–1 ] 
[ 0042 ] Under the condition that the other tissue properties 
are known ( here it is the scattering property as denoted by 
us ) , Equation ( 19 * ) can approximate the absorption caused 
by glucose change , and then by applying equation ( 3 ) with 
the known standard values of glucose spectral absorption 
Egiula ) ( the molar extinction coefficient , which is a fixed set 
of values for a given molecule condition ) the glucose 
concentration ( change ) can be calculated as follows : 

A [ glu ] = A [ H. ] Egi ( ) 
[ 0043 ] Note that the equation above is an approximation 
and refinement of equations ( 3 ) or ( 19 ) , assumption of a 
non - linear model of differential reflectance of glucose , 
improved estimates of the tissue properties , etc. , might yield 
a more accurate value of the change in glucose concentration 
estimated by ( 3 * ) above . 
[ 0044 ] Experimental arrival of the simple relation of Eq . 
( 19 ) or alike between the medium's absorption / reduced 
scattering ratio and the modified diffuse reflectance would 
render in principle the glucose concentration change be 
resolved with the identification of the scattering properties 
of the medium . The algebraic simple equation ( 17 ) relating 
the total diffuse reflectance with the tissue absorption / 
reduced scattering properties differs from the well - known 
equation of Kubelka - Munk ( KM ) model of the following : 

1 ( 15 ) 21p = 00 ( la , M's ) = Hefs Vesp ) 2 + 1 = expl +1 
+ 

M's V ( up ) 2 + 1 

27b 1 + 2 
Za 27.b ( u'sp ) 2 +11+ cool Help + 2 ) ( exp 

it's V Za 27,5 Suset of 2 ( 4.0 ) 2 + + 
za 

po [ 0040 ] It is apparent from Eq . ( 15 ) that u p 0 , le ( la 
us ' ) - > 0 , which will cause Ioxp ( Harts " ) to reach locco ( la ; hs ' ) . Using the following notation 

( 16 ) n = 
Ma 

M's 2?? ( 20 ) 
nKM = 3 

[ 1 – Ikm ( Ma , lls , 8 ) ] ? 
21Km ( Ma , lls , 8 ) 1 

IM : ( 1-8 ) Ma ( 1-38 ) 
it is straightforward to demonstrate that 

( 17 ) lo- ( n ) = 1 - V3n ( n + 1 ) 
2A 

+ 
3 

where Ikm ( uals , g ) is the collimated reflected light under a 
diffuse illumination . Equation ( 20 ) leads to 

Iku ( ussaglyg ) = ( 1 + 1 km - V ( 1 + Nkm ) 2-1 . ( 21 ) 

and by using the following conversion Experimental Methods 

( 18 ) Iconv 
1 

[ 1 – 10- ( n ) ] , 2A 
1 + 3 

we have 

( 19 ) Ha 4 
1+ n = II z ( Icony ) 

[ 0045 ] This section details ( 1 ) the experimental configu 
rations associated with the non - contact diffuse reflectance 
system that operated in the CIAD geometry , ( 2 ) the sample 
preparations for validating the theoretical model connecting 
the tissue properties with the total diffuse reflectance , ( 3 ) the 
identification of a spectral window of approximately 200 nm 
that may be optimal for CIAD - based assessing of glucose in 
an aqueous turbid medium based on absorption changes to 
the diffuse reflectance , and ( 4 ) the demonstration of resolv 
ing glucose change of up to 17.83 mg / dL concentration in an 
aqueous turbid medium at the distance of ~ 1.1 meters . Note 
that this particular distance is only given as an example 
herein . In practice the distance will typically be between 0.5 
and 2 meters depending on the choice of optics , etc. That 
being said , those of ordinary skill in the art will be able to 
choose an appropriate distance for a given scenario . 
[ 0046 ] In terms of examining the aforementioned theo 
retical model that relates the tissue properties with the total 
diffuse reflectance , the total diffuse reflectance was assessed 
at varied dimension of the collection area from a solid 
medium rendering ideally fixed sample properties , varying 
the scattering of an aqueous turbid medium when probed at 

[ 0041 ] Note that equation ( 19 ) suggests one approach to 
determining the glucose concentration in the sample . As is 
discussed below in connection with FIG . 12 , in some 
embodiments there is a linear relationship between differ 
ential reflectance of glucose and the concentration of glu 
cose in the sample . Although other mathematical relation 
ships might be possible , for purposes of the instant 
discussion linearity will be assumed . Given the slopes in 
FIG . 12B , this leads to the following alteration of Eq . ( 19 ) 
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a constant dimension of the collection area , and varying the 
absorption of an aqueous turbid medium when probed at a 
constant dimension of the collection area . In terms of 
examining the potential of the total diffuse reflectance in 
assessing the change of glucose concentration in an aqueous 
turbid medium , the measurement was performed for four 
sets of conditions all rendering the glucose concentration to 
vary over three orders of magnitude by using control solu 
tions of different effective glucose concentrations and aque 
ous turbid medium of different scattering properties . 
[ 0047 ] One embodiment of a non - contact diffuse reflec 
tance system with a working distance of approximately 1.1 
meters is schematically illustrated in FIG . 4. A high - bright 
ness broadband laser - driven light source ( LDLS ) ( e.g. , 
EQ - 99XFC , Energetiq Inc. , Woburn , Mass . ) was used for 
illumination . This LDLS light source in this example had a 
spectral power greater than 10uW / nm over 190-980 nm , and 
a spectral power lower than 10uW / nm when extending to 
2100 nm , according to the vendor datasheet . The ultrabroad 
bandwidth of this light source also facilitated in - house 
transmission - geometry spectrophotometry for the identifi 
cation of a spectral window of approximately 200 nm 
around 1.2 um for assessing the light absorption due to 
glucose in water . The LDLS was coupled via a 200 um 0.22 
NA low - OH fiber ( M25L02 , Thorlabs , Newton , N.J. ) to a 1 " 
cage system for collimated light delivery . The collimated 
projection was configured by using an achromatic lens ( sL1 , 
focal length = 8.0 mm , C240TME - B , Thorlabs , Newton , N.J. ) 
and an achromatic relay lens ( sL2 , focal length = 250 mm , 
LA1461 - C , Thoi abs Newton , N.J. ) . A linear polarizer ( SP ) 
mounted on a rotational stage was added after sL2 . The 
optical path from the fiber - launching adaptor to the linear 
polarizer was contained within 1 " lens tubes . The collimated 
beam was projected horizontally to a 2 " x2 " mirror ( M ) 
located at approximately 1.0 meters distance to illuminate at 
slightly off the normal angle on the sample placed approxi 
mately 0.1 meters below the mirror . The total distance from 
the illumination - path polarizer to the sample was approxi 
mately 1.1 meters . The light of diffuse reflectance from the 
sample was deflected by the same mirror M to another 1 " 
cage system configured also at approximately 1.0 meters 
distance from the mirror , for coupling to another fiber 
patch - cable of 200 um and 0.22 NA . The total distance from 
the sample to the detection - path polarizer was also approxi 
mately 1.1 meters . The return path of the light for detection 
contained a linear polarizer ( dP ) to mitigate the specular 
reflectance from the medium surface , an achromatic relay 
lens ( dL2 , identical to sL2 ) , and an achromatic focusing lens 
( dL1 , focal length = 15.29 mm , C260TME - B , Thorlabs , 
Newton , N.J. ) . The optical path from the linear polarizer to 
the fiber - launching adaptor was also contained within 1 " 
lens tubes . The detection fiber was adapted to the entrance 
slit of a monochromator ( Princeton Instruments , sp300i ) that 
was mounted with three gratings , of which the one with the 
lowest groove density of 150 - grooves / mm and blazed at 600 
nm was used for this work . Those of ordinary skill in the art 
will understand that a monochromator is designed to filter or 
restrict the wavelengths of light passing therethrough and , in 
some embodiments , able to selectively pass only one or a 
few light wavelengths . As another example , a spectrograph 
could be used instead with a post - acquisition filter applied to 
limit the range of frequencies used in the calculations that 
follow . Thus , for purposes of the instant disclosure when the 
term “ monochromator ” is used that term should be broadly 

interpreted to include any device that can receive a broad 
band or other light signal and filter it to produce a narrow 
band or light or a few specific wavelengths of light as output . 
[ 0048 ] In this embodiment , the monochromator had an 
attached intensified 16 - bit CCD camera ( PI - MAX II , Acton 
Research ) cooled to -20 ° C. with a chip of 512x512 
elements totaling a sensing area of 12.0x12.0 mm² . All 512 
vertical pixels at one horizontal pixel were pinned to per 
form at the spectroscopy mode with the maximum pixel 
read - out . Approximately 200 nm spectral coverage was 
rendered . The control of the CCD exposure time and gain as 
well as the monochromator center wavelength were per 
formed by using WinSpec interface . The data acquired was 
post - processed in Matlab . The data acquisition from turbid 
medium ( solid or aqueous based ) was performed consis 
tently at 10 seconds of the CCD exposure time at the same 
gain setting set to accommodate monitoring the changes of 
the diffuse reflectance signal from samples with the optical 
properties varying over a great range . The effect of ambient 
lighting was minimized by shielding the entire optical paths 
and dimming the room light . For purposes of the instant 
disclosure , the term “ CCD device ” will be used to refer to 
any array of photo - electronic devices capable of receiving 
an optical signal from the monochromator and producing an 
intensity or other value representative of the optical signal 
received . Of course , the signal from the CCD device will be 
passed to or read by a computing device of some sort . Those 
of ordinary skill in the art will recognize that the computer 
might be a simple as a single CPU programable device to 
more complex systems such as computer tablets , smart 
phones , laptops , desktops , etc. Thus , when the terms “ CPU ” 
or " computer ” or “ microprocessor ” is used herein those 
terms should be broadly construed to include any program 
able device capable of receiving a signal that represents light 
intensity from the CCD device and performing calculations 
on that quantity to produce an estimate of glucose level in a 
sample . 
[ 0049 ] FIG . 5 shows a schematic of a 1 " -cage transmission 
setup developed in - house for assessing the spectral absorp 
tion difference between glucose and water over 1.1 um to 2.1 
um . The broad - band light from the LDLS source described 
in the previous section coupled by a 200 um fiber was 
collimated by an aspherical lens ( focal length = 8.0 mm , 
C240TME - B ) and projected onto a 50 um fiber via focusing 
by another aspherical lens ( focal length = 15.29 mm , 
C260TME - B ) . The beam passing a cuvette of 1 cmx1 cm 
cross - section was aligned by two pinholes set at the far 
opposite sides of the cuvette . A custom platform with cuvette 
holding mechanism was fabricated to maintain a fixed 
position of the cuvette after interchanged for different 
samples . The pinholes were also fixed in position to keep the 
beam collimation as consistent as possible . Lens tubes were 
used to shield the light path when feasible , and the entire 
optical path was covered with black cloths . The light trans 
mitted through the water or glucose sample housed in the 
cuvette of 1 cm optical path and collected by the 50 um fiber 
was coupled to the entrance slit of the monochromator of 
FIG . 4. For each sample of the cuvette placed in the 
transmission beam path , the center wavelength of the mono 
chromator was changed from 1200 nm to 2000 nm at a step 
of 200 nm , to cover a total spectral range of approximately 
1.1 um to 2.1 um . The CCD exposure time and gain settings 
were fixed while allowing acquisition of the collimated light 
over the entire spectral coverage from 1.1 um to 2.1 um 

a 

a 
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without saturation . One cuvette contained water and another 
cuvette contained glucose at a concentration of 25 g / dL 
( ReliOn Glucose Shot , Walmart Pharmacy ) . The spectral 
scanning of the transmission beam over the 1.1 um to 2.1 um 
range at a step of 200 nm was completed on each sample , 
before switching the sample within the fixture and resetting 
the same beginning ( at 1.1 um ) spectral range of the mono 
chromator to keep the same direction of scanning the 
center - wavelength . The objective was to identify a spectral 
window over the 2nd near - infrared window that presented 
the following spectral characteristics considered desirable 
for sensing glucose in tissue medium abundant of water : 
glucose is more absorbing than water while water has 
relatively low absorption . These two features would allow 
longer pathlength of light in tissue to make the diffuse 
reflectance more sensitive to the change by glucose absorp 
tion . Since the measurement was to identify the relative 
spectral absorption between water and glucose , the glucose 
sample was tested at only one concentration . 

9 

Approaches to Validate the Diffuse Reflectance in the CLAD 
Geometry 

[ 0050 ] According to the theoretical analysis supra , the 
diffuse reflectance at a specific wavelength pertinent to the 
CIAD geometry reveals the following patterns : ( 1 ) The total 
diffuse reflectance acquired from a medium of fixed optical 
properties will increase as the size of collection increases 
until reaching a plateau . ( 2 ) The total diffuse reflectance 
configured at a fixed area of collection will increase ( until 
reaching a plateau ) as the medium's scattering increases . ( 3 ) 
The total diffuse reflectance configured at a fixed area of 
collection will decrease as the medium's absorption 
increases . The following measurements were performed to 
validate these model - indicated patterns of the diffuse reflec 
tance . 
[ 0051 ] Solid tissue phantoms were used to assess the total 
diffuse reflectance as a function of the size of collection area . 
The use of solid phantom helped maintain that the medium 
properties were identical as the area for remote collection of 
diffuse reflectance was changed in size while the illumina 
tion spot remained at a minimal size of less than 1.0 mm in 
diameter . 
[ 0052 ] The model - fitting of the total diffuse reflectance 
requires knowing the size of the collection area . The size of 
the collection area can be appreciated by reversing the 
optical beam path in the detection channel ; however , it 
would be impractical to precisely measure the collection 
beam size on the sample . In order to examine the model 
prediction of the diffuse reflectance as the size of collection 
area increased , the change of the diffuse reflectance was 
assessed by accurately controlling the change of the distance 
between the collection fiber and the focusing lens . 
[ 0053 ] The configuration to precisely change the distance 
between the collection fiber and the focusing lens to cause 
a change of the size of collection area on the sample is 
illustrated schematically in FIG . 6. The beam path of the 
detection channel from the mirror to the sample that 
deflected with respect to the beam path from the collection 
fiber to the mirror is unfolded to facilitate ray tracing 
analysis . Under the practical situation , a way to precisely 
( and allowing accurate repetition for measuring multiple 
samples ) change the size of the beam area on the sample 
without perturbing up the optical alignment is to adjust the 
relative position of the detection fiber with respect to the 

focusing lens dL1 . To facilitate accurate large - scale change 
of the relative position of the detection fiber with the 
focusing lens dL1 ( as needed to cause a large change of the 
size of diffuse collection for examining the model predic 
tion ) , a unique design was implemented for the mechanical 
supporting portion of the optical path containing the fiber 
adaptor and the focusing lens . The mechanical support 
engaging 1 miniature 3 - way translation stage and a small 
1 - way translation stage combined in a custom fixation 
structure allowed the position of the detection fiber with 
respect to the focusing lens be adjusted over an 8 mm 
distance with micrometer resolution , without appreciably 
degrading the optical alignment of the cage system . The 
detection fiber was first set at a position corresponding to the 
minimal collection spot size on the sample , then translated 
at a step of 100 um over an 8 mm distance away from the 
focusing lens dL1 . This distance of translating the fiber 
corresponded to the collection spot size increasing from the 
minimal size of approximately 0.5 mm in diameter to 
approximately 2.0 cm in diameter rendered by the 1 " cage 
system projected at the 1.10 meters distance . As the fiber 
was displaced from the position projecting the smallest spot 
size on the sample , the total diffuse reflectance was observed 
to increase initially till leveling off briefly , followed by a 
reduction indicating that the light within the collecting 
aperture of the fiber was cut - off by the optical apertures of 
the cage system . 
[ 0054 ] Three solid phantoms of grossly rectangular shape 
( PB0383 , PB0385 , and PB0335 , in - house shaped from the 
raw materials provided by Biomimic , INO Inc , Qu - bec , 
Canada ) were used . Of these solid phantoms , the absorption 
was factory calibrated over 650-850 nm and the reduced 
scattering was vendor calibrated at 800 nm by using time 
resolved measurements . The PB0383 and PB0385 were 
identical in size , whereas PB0335 was slightly smaller 
( shorter in the smallest dimension of the rectangular block ) . 
The three solid tissue phantoms had nearly identical us ' ( 10.4 
cm- for PB0383 , 10.6 cm- ' for PB0385 , and 10.8 cm - l for 
PB0335 ) but ?a that scaled approximately 1 : 2 : 4 ( 0.055 cm - 1 
for PB0383 , 0.109 cm 1 for PB0385 , and 0.21 cm - 1 for 
PB0335 ) . Each phantom was placed to have its largest flat 
surface facing the beam . Each of the two phantoms of the 
same size ( PB0383 and PB0385 ) was placed directly on a 
magnetic agitating device ( see the following section ) used as 
a platform . The smallest ( PB0335 ) of the three phantoms 
was placed on the magnetic agitator with a substrate plate to 
maintain approximately the same height of the phantom 
surface . The surface of the solid phantom facing the beam 
was also maintained at approximately the same as the 
beam - receiving spot on aqueous phantom under magnetic 
agitation to be described in the following section . 
[ 0055 ] The change of the total diffuse reflectance as a 
function of the change of the relative position between the 
collection fiber ( dF ) and its focusing lens ( dL1 ) was mod 
eled by the following steps , by reversing the beam - path from 
the collection area on the sample to the collection fiber , as 
shown in FIG . 6 : ( 1 ) Assume that a minimal spot size for the 
light collection on the sample corresponded to a dF - dL1 
distance of Xo . Then a varying displacement of Ax of the 
collection fiber dF away from the focusing lens corre 
sponded to a varying distance of x ( Ax ) = x , + Ax between dF 
and dL1 . ( 2 ) This varying distance x ( Ax ) was implemented 
in ray - tracing matrix - analysis to result in a varying radius , 
P ( Ax ) , of the collection area on the sample . ( 3 ) The p ( Ax ) 

a 

a 
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was then plugged to Eq . ( 15 ) and combined with Eqs . ( 13 ) 
and ( 5 ) to deduce the ( relative ) change of the total diffuse 
reflectance , for comparing with experimental measurements . 
[ 0056 ] Denoting the ray direction when leaving the fiber 
as r ' ( x ) , and the off - axis displacement of the ray when 
leaving the fiber as r ( x ) , the following ray - tracing transmis 
sion can be expected : 

p ( x ) 12 1 0 ( 22 ) Co CD = ( ' Il - jih -1 / fi ] . D I 18 il 
[ img 1 x r ( x ) 

[ 0057 ] where p ' ( x ) is the ray direction when impinging on 
the sample surface . Equation ( 22 ) evolves to the following : 

( 23 ) p ( x Pla ) = ( 1 - 4 + 12 11 
fi 

12 li 12 
r ( x ) + fz ' fi f2 

+ + 
[ 6- - * - *** - i ) 1s ] " ( ) . 12 li 11 + 12 

fi 
+ X - ( 11 + x ) + 11 + ( x ) . $ 2 

at 180 rotation - per - minute or 3 rotation - per - second for all 
experiments performed on aqueous samples . The agitation 
started with the host medium occupying about 60 % of the 
total capacity of the in - house container to avoid spilling of 
the liquid at the starting of the agitation , and once the 
agitation stabilized more host medium was added to the 
near - full capacity of the container to maintain a consistent 
curved surface profile of the medium under agitation , as 
illustrated in FIG . 7 . 
[ 0061 ] Total diffuse reflectance was acquired from the 
medium under agitation at a collection - size corresponding to 
the maximum total diffuse reflectance determined by the 
testing as described previously . The reduced scattering coef 
ficient of the aqueous medium was controlled by dissolving 
bulk intralipid solution of 20 % concentration ( Baxter , Deer 
field , Ill . ) in water as the host medium , by using a 1 ml 
insulation syringe . The adding of the 20 % bulk intralipid 
into the host medium in the container were controlled to 
reach the following cumulative volume of the 20 % intralipid 
in the aqueous medium : 0.0 to 1 ml at a step of 0.1 ml , 1 ml 
to 20 ml at a step of 0.5 ml , and 20 ml to 30 ml at a step of 
1 ml . These resulted in intralipid concentrations that varied 
300 times . The concentration of intralipid was converted to 
reduce scattering coefficient at ~ 1.2 um . 
[ 0062 ] Total diffuse reflectance was acquired from an 
aqueous sample with the absorption coefficient varying over 
1 order of magnitude , by using the same container / agitation / 
CIAD setup described above . The host medium was the 
medium described above that contained 30 ml of 20 % 
intralipid dissolved in water of approximately 320 ml in the 
initial volume . The absorption coefficient of the aqueous 
medium was controlled by dissolving Indian ink using a 1 ml 
insulin syringe . Because the ink did not dissolve well in the 
solution containing intralipid and tended to float on the 
surface when dropped on to the surface , after the injection , 
the liquid was first manually agitated by moving a 3/16 " hex 
drive wrench counterclockwise to go against the clockwise 
flow of the liquid maintained by the magnetic agitation , then 
left for stabilization by the magnetic agitation until homog 
enization of the ink was reached , before data acquisition was 
commenced . 
[ 0063 ] The ink was added to reach the following cumu 
lative volume in the host intralipid medium : 0.0 to 1 ml at 
a step of 0.1 ml . Adding more than 1 ml ink was not 
attempted because the signal didn’t vary appreciably as the 
cumulative volume of ink was greater than 0.7 ml . The 
concentration of ink was converted to absorption coefficient 

[ 0058 ] Denoting the radius of the focusing lens dL1 as b , 
the ray direction when exiting the fiber at a lateral position 
of 100 um or half of the diameter of the detection fiber can 
be shown to be 

b - 0.1 b - 0.1 ( 24 ) r ' ( x ) = 

? Xo + Ax 

where all displacement entities take a dimension of mm . The 
estimation of the total diffuse reflectance by Eq . ( 5 ) with the 
implementation of Eq . ( 23 ) is based on the postulation that 
all rays within the numerical apertures of the projection 
optics could be collected equally well , which was generally 
not the case . To compensate for the difference in terms of the 
light collection at different size of the collection area , the Eq . 
( 5 ) was implemented at a slightly different form as 

( 25 ) 
1o - p ( Ma , M's ) = loroo ( Ma , Mes ) - 10700 ( Ma , M's ) . exp 5 - esplacements po 

at ~ 1.2 um . 
[ 0059 ] where po is a reference length , and the Gaussian 
form affiliated with Ip « > c ( lagts ' ) was used to approximate 
the effect of the non - uniform collection of the beam over the 
numerical aperture permitted by the collection optics . This 
modification to the collection beam size was compared with 
computer simulation based on Zemax as will be presented in 
the results section below . 
[ 0060 ] Total diffuse reflectance was acquired from an 
aqueous sample with the reduced scattering coefficient vary 
ing over 2 orders of magnitude . A container of approxi 
mately 350 ml capacity was fabricated from a black poly 
carbonate material of 4.125 " in the outside diameter . The 
container had a bottom layer thickness of approximately 
0.04 " ( 1 mm ) to allow a 2.75 " magnetic stirrer to be agitated 
by using an agitating machine ( Model 760 , VWR High 
Volume Magnetic Stirrer , Radnor , Pa . ) . The agitation was set 

[ 0064 ] Total diffuse reflectance was acquired from an 
aqueous turbid medium with the effective glucose concen 
tration varying over three orders of magnitude , using the 
same container / agitation / CIAD setup described previously . 
The host medium was set at two values of the reduced 
scattering coefficients while added with glucose control 
solution of two different concentrations . This resulted in a 
total of 4 sets of measurement conditions concerning glu 
cose concentration and medium properties to assess the 
response to the glucose concentration change at the same 
medium scattering properties and the response to the 
medium scattering change at the same glucose concentra 
tion . 
[ 0065 ] The commercial glucose control solutions used 
were in 2 ml package with an effective glucose concentration 
of 0.2 % in the model 1 and 0.4 % in model 2 ( AimStrip , 

a 
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Germaine Laboratories , Inc. , San Antonio , Tex . ) . Five 2 ml 
bottles of each model were emptied to a small container for 
administration by using a 1 ml insulin syringe . The four sets 
of measurements correspond to two values of the reduced 
scattering coefficient of the host medium , and two values of 
the glucose concentration in the control solution of the same 
set of volumes when added to the host medium . The two 
control solutions were grossly indistinguishable based on 
color . The control solution was added to reach the following 
cumulative volume of the control solution of the respective 
model in the host intralipid medium : 0.00 to 0.1 ml at a step 
of 0.01 ml , 0.1 to 1 ml at a step of 0.1 ml , and 1 to 10 ml 
at a step of 0.5 ml . Administration of the glucose at a 0.1 ml 
step was convenient by using the decimal marks of the 1 ml 
insulin syringe . Administration of glucose at a 0.01 ml step 
was practiced by forming a droplet at the tip of the syringe . 
Approximately 10 droplets were managed with a 0.1 ml 
volume that resulted in an estimated 0.01 ml volume of each 
droplet . These resulted in the glucose concentration in the 
turbid medium host to vary 1000 times . The effective 
concentration of the glucose in the intralipid was up to 8.91 
mg / dL when administered with the control solution of model 
1 , and up to 17.83 mg / dL when administered with the 
control solution of model 2 , by considering the molecular 
weight of glucose to be 1.56 g per ml . 

using a 1400-1500 nm range for detection , the method may 
not exhibit enough sensitivity to glucose change . Determin 
ing the best or a usable range of light wavelengths in a given 
situation may need to be determined on a trial - and - error 
basis and such is well within the capabilities of one of 
ordinary skill in the art . 
[ 0069 ] If the spectral transmission through water is 
denoted as 

Twater ( ) = Isource ) exp [ -Ha ? " ( 9 ) L ] , ( 26 ) 

where u water ( ) is the spectral absorption of water , and L = 1 
cm is the pathlength of the cell , and denote the spectral 
transmission through glucose shot solution as 

Tglucose ( ) Isource ( a ) exp [ -Haglucose ( 2 ) L ] , ( 27 ) 

glucose ( a ) is the spectral absorption of glucose at the 
concentration specific to the shot solution , the differential 
spectral absorption between glucose shot - solution and water 
( the amount of glucose exceeding water ) that is devoid of the 
source spectral influence is obtained simply as 

where ua 

1 ( 28 ) Alla ( A ) = malucose ( A ) – we water ( ) = In = = 
Twater ( a ) 
Tglucose ( 1 ) 

Results 

[ 0066 ] FIG . 8A shows the raw transmission spectra of the 
water ( solid black line ) and the glucose shot solution 
( dashed red line ) over a spectral range of approximately 
1.1-2.1 um . Since the monochromator - CCD could cover 
only approximately 200 nm in each setting of the center 
wavelength , the spectral profiles spanning the 1.1-2.1 um 
range were concatenated by stitching five individual profiles 
of approximately 200 nm in range with the center wave 
length set at respectively 1200 nm , 1400 nm , 1600 nm , 1800 
nm , and 2000 nm . As the center - wavelength of the mono 
chromator was changed , so did the autonomous responsivity 
compensation of the device ( monochromator - CCD com 
bined ) , and that caused the intensities of the same wave 
length but acquired at two different center wavelength 
settings to differ . The stitching of the five profiles of approxi 
mately 200 nm in range was done by using the profile 
corresponding to a center wavelength of 1200 nm as was , 
then aligning the profile corresponding to a center wave 
length of 1400 nm with the former one at 1300 nm followed 
by repeating similar procedure for the subsequent individual 
profiles that overlapped at 1500 nm , 1700 nm and 1900 nm . 
[ 0067 ] One significant observation from FIG . 8 is that 
over the 1100-1300 nm spectral range , the light absorption 
by water is lower ( stronger transmission signal ) so in the 
case of measuring from tissue at a reflection mode , the light 
will stay in tissue longer to interact with glucose molecule 
more , and the lower water absorption will also make the 
diffusely remitted signal stronger . Meanwhile , the two peaks 
around the 1100 nm and 1250 nm in FIG . 8B show that the 
glucose is relatively strongly more absorbing than water . 
Such differential adsorption by water and glucose will make 
the signal acquired at the two wavelengths more sensitive to 
glucose content . 
[ 0068 ] The above demonstrates the importance of choos 
ing wavelengths that present high glucose sensitivity and 
low water absorption so as to ensure sensitivity of detection 
using the proposed detection method . For example , if one is 

[ 0070 ] The differential spectral absorption of glucose that 
exceeds the water as is processed using Eq . ( 28 ) from the 
raw profiles of FIG . 8A ( after subtracting the dark - counting 
baseline ) is shown in FIG . 8B . The profile shown in ( B ) is 
quite noisy over the 1500-1700 nm region , because of the 
much lower intensity of the raw signal in ( A ) in that region . 
The raw profile shown in ( A ) carried over the information of 
the source spectral profile , whereas the differential spectral 
absorption profile shown in ( B ) had the source spectral 
profile compensated . The profile in ( B ) showed that glucose 
is spectrally more absorptive than water over the 1100-1300 
nm range . The remaining acquisition of the total diffuse 
reflectance was thus fixed at the 1100-1300 nm range to 
maintain the consistency of experimental conditions specific 
to the parameter configurations of the monochromator - CCD 
assembly . 
[ 0071 ] FIG . 9 presents how the total diffuse reflectance 
from three solid phantoms varies as a function of the size of 
collection area for one embodiment . In this case the size of 
the collection area was controlled by translating the distance 
between the focusing lens and the detection fiber over a total 
displacement of 10 mm . In FIG . 9 , the origin of the abscissa 
( the reference position ) corresponded approximately to the 
minimal size of collection area on the sample surface , 
determined by " reversing the light path , ” or equivalently 
replacing the detector with a temporary light source and 
observing the resulting focal spot at the sample . Then , using 
the detector normally again , the fiber tip was displaced in 0.1 
mm steps from the reference position in the direction away 
from the focusing lens , which resulted in the increase of the 
collection area on the sample , and a change in measured 
total diffuse reflectance , as shown in FIG . 9. The open 
marker curves corresponded to measured data points , and 
the solid lines corresponded to three - dimensional geometric 
optics simulations performed with Zemax software . The 
three dotted lines corresponded to simpler two - dimensional 
geometric optics model calculations as pertinent to Eq . ( 25 ) . 
Each family of measurement , simulation , and 2D geometri 
cal model calculation curves corresponded to the three solid 
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phantoms of increasing absorption coefficients but with 
approximately the same reduced scattering coefficient . 
Because the minimal spot size of the collection area as 
estimated by reversing the light path of the collection was 
not accurate , the reference position of the detector fiber 
corresponding to the minimal spot size of the collection area 
was not accurate . However , since the single reference posi 
tion was used , the displacement from that reference position 
for measuring from the three solid phantoms was precisely 
repeated . 
[ 0072 ] The Zemax simulations project the area of the 
medium surface that can be imaged to the detection fiber . To 
simulate the light intensity collected by the detection fiber , 
the profile of the light emitting elements at the sample 
surface was considered to be non - uniform , Lambertian , and 
with a diameter of 20 mm . The non - uniformity was config 
ured to exhibit an approximately linear decrease in intensity 
from the center point . It was employed to approximate the 
effect of decreasing intensity for light when diffusely scat 
tered farther from the center of the illumination point . Since 
only the changes in reflectance , and not the absolute reflec 
tance were important , the resulting simulation curves were 
normalized to the same offsets and peak factors that align the 
top curve to measurement . To account for the effect of 
changing the absorption coefficient of the sample , the 
sample spotlight intensity was varied in the simulation . To fit 
the measured data , the three simulation curves required 
normalized source light intensities of 1.00 , 0.90 , and 0.67 , 
resulting in three different simulation curves . In all cases , the 
normalization factors and offsets were not changed . 
[ 0073 ] The 3D geometric simulations reveal that three 
mechanisms appear to cause the profiles of roughly three 
regions as shown in FIG . 9. When near the reference 
position , the diffusely reflected light is very sharply imaged 
at the fiber tip plane with a magnification of about M = 0.1 . 
Only diffusely reflected light within a diameter of about 2 
mm ( 0.2 / M ) would ever enter the fiber and reach the 
detector . That made the total diffuse reflectance to be insen 
sitive to the displacement of the fiber when close to the 
reference point ( which could be better seen if the data points 
were projected to the negative aspect of the abscissa ) . The 
subsequent rise in measured reflectance accompanies the 
movement of the fiber tip farther from the focusing lens was 
caused by defocusing . With defocusing , light diffusely 
reflected from larger diameters on the sample was able to 
reach the fiber tip , thus coupling greater amounts into the 
fiber core . The increase of the light intensity observed over 
Zone 2 reached a saturation level and then decreased . In this 
case , the continued defocusing increases to such an extent 
that the diffusely reflected light from the entire surface area 
becomes too dispersed at the plane of the fiber tip . As the 
diffusely reflected light spreads beyond the boundary of the 
fiber core , the coupled intensity stops rising and eventually 
drops . 
[ 0074 ] The third factor that affects the shape of the mea 
sured reflectance is the profile of the intensity from the 
diffusely reflected light . Uniform and Gaussian profiles were 
also investigated with similar results , but the linear profile 
produced the closest fit by better matching the experimen 
tally determined displacement at which the reflectance 
curves peaked . Importantly , all these results support the 
notion that the CLAD setup is operating as expected . The 
two - dimensional geometric optics ray calculations also 
exhibit a similar rising trend in Zone 1 , however they do not 

match the measured behavior at the reference position or the 
saturation behavior at large displacements . This is not unex 
pected since , unlike the Zemax simulations , these calcula 
tions do not account for several physical realities of the 
system , including the three - dimensionality of beams , non 
uniform diffuse - reflected light intensities , aspheric lens cur 
vatures , and the numerical apertures of the fiber and optical 
elements imposed by the 1 " cage system . 
[ 0075 ] FIG . 10 presents the total diffuse reflectance from 
an aqueous tissue phantom when assessed with the CIAD 
geometry configured at a fixed size of collection correspond 
ing to the peaking setting of FIG . 9 , as a function of the 
reduced scattering coefficient of the medium over a range of 
two orders of magnitude as detailed above . The relative 
intensity as normalized with respect to that of the one 
corresponding to the maximal intralipid concentration con 
figured was displayed at linear scale of the abscissa in FIG . 
10A and logarithmic scale of the abscissa in FIG . 10B . The 
circle marks represented experimental measurements , while 
the solid lines were model estimations . The two large , dotted 
circles in ( A ) and ( B ) denote that the reduced scattering 
properties of the aqueous medium increased from low 
( coarsely dotted in the circle of ( A ) ) to high ( densely dotted 
in the circle in ( B ) ) . The administration of intralipid as 
shown resulted in a reduced scattering coefficient from 0 to 
~ 18.0 cm- ?, while the absorption coefficient of the aqueous 
medium was attributed to be constant at 0.8 cm - 1 around 1.2 
um as it was due primarily to the absorption of water . The 
predictions by two models are presented , one with the full 
implementation of Eq . ( 5 ) referred to as CIAD model and 
the other with Eq . ( 21 ) denoted by KM model . The results 
in FIGS . 10A and 10B when taken together indicated that the 
predictions by both the CIAD model and KM model were in 
excellent agreement with the experimental results as the 
medium reduced scattering was greater than 10 cm- ?, 
whereas the prediction by the CIAD model was considerably 
more accurate than that by the KM model in the lower 
scattering region that causes effectively stronger absorption / 
scattering ratio . 
[ 0076 ] FIG . 11 presents the total diffuse reflectance from 
an aqueous tissue phantom when assessed with the CIAD 
geometry configured at a fixed size of collection correspond 
ing to the peaking setting of FIG . 9 , as a function of the 
absorption coefficient of the medium over a range of one 
order of magnitude as detailed previously . The relative 
intensity as normalized with respect to that of the one 
corresponding to the absence of ink injection was displayed 
at linear scale of the abscissa ( FIG . 11A ) . The open circle 
marks represented experimental measurements , while the 
solid line was the model estimation . The two large , shaded 
circles to the right of the curve plot ( FIG . 11B ) denote that 
the absorption property of the aqueous medium increased 
from low ( lightly shaded as the circle 0 ) to high ( darkly 
shaded as the circle 1 ) . The administration of ink resulted in 
an absorption coefficient of the medium to increase from 0 
to - 19.0 cm ' , while the reduced scattering coefficient of the 
aqueous medium was constant at 18 cm - 1 around 1.2 um as 
it was attributed to the intralipid . The predictions by two 
models are presented , one with the full implementation of 
Eq . ( 5 ) referred to as CIAD model and the other with Eq . 
( 21 ) denoted by KM model . The predictions by both models 
agreed with the experimental results until the measurement 
ceased to respond to the increase of the ink concentration 

1 

-1 



US 2022/0018762 A1 Jan. 20 , 2022 
12 

after approximately 0.7 ml of ink was injected to the total 
340 ml of aqueous medium , corresponding to an effective 
ink concentration of 0.21 % . 
[ 0077 ] FIG . 12 presents the total diffuse reflectance from 
an aqueous turbid medium with the cumulative volume of 
the glucose control solution varied over three orders of 
magnitude when assessed at a ~ 1.1 meters distance , by using 
the device at the CIAD geometry configured at a fixed size 
of collection corresponding to the peaking setting of Figure . 
9. The diffuse reflectance intensities averaged over 1.1-1.3 
um and normalized with respect to the respective baseline 
( absent of glucose control solution ) were displayed in FIG . 
12A . The four curves of ( A ) correspond to the same amount 
of cumulative volume of the glucose control solution dis 
solved in the aqueous turbid medium . The four curves were 
however the results of four different glucose - medium con 
ditions . When counted at a descending order of the right 
most point of the curve , the first ( topmost ) one corresponded 
to the control solution of 0.4 % glucose ( model 2 ) dissolved 
in an aqueous medium containing 2 % intralipid , the second 
( to the topmost ) one corresponded to the control solution of 
0.2 % glucose ( model 1 ) dissolved in an aqueous medium 
containing 1.14 % intralipid , the third ( or the second to the 
lowest ) one corresponded to the control solution of 0.2 % 
glucose ( model 1 ) dissolved in an aqueous medium contain 
ing 1 % intralipid , and the fourth ( lowest ) one corresponded 
to the control solution of 0.4 % glucose ( model 2 ) dissolved 
in an aqueous medium containing 1 % intralipid . 
[ 0078 ] Two important observations can be drawn from the 
data in FIG . 12 : 

[ 0079 ] 1. More intralipid results in more scattering , 
which reduces differential reflectance , and 

[ 0080 ] 2. More glucose content leads to more absorp 
tion , which also reduces differential reflectance . One 
goal that motivates creating the model disclosed herein 
is to intelligently account for the abovementioned con 
tributions ( 1 ) and ( 2 ) so as to measure glucose absorp 
tion more accurately . By way of example only and 
without limitation , FIG . 12B shows that when there are 
two curves with the same scattering ( e.g. , 1 % intralipid , 
as shown in the bottom two curves in FIG . 12A ) , a 
different slope of reflectance vs. absorption is obtained 
based on amount and concentration of glucose content 
( i.e. , the top two curves in FIG . 12B ) . 

[ 0081 ] With the diffuse reflectance processed according to 
the right - hand side of Eq . ( 18 ) , the four curves of FIG . 12A 
revealed the grossly linear patterns shown in FIG . 12B , with 
respect to the same total volume of control solution dis 
solved in the aqueous turbid medium . The orders of the four 
sets of the data points of ( B ) are opposite to those in ( A ) . 
Specifically , when counted at a descending order of the 
right - most point of the curve , the first ( topmost ) one corre 
sponded to the control solution of 0.4 % glucose ( model 2 ) 
dissolved in an aqueous medium containing 1 % intralipid , 
the second ( to the topmost ) one corresponded to the control 
solution of 0.2 % glucose ( model 1 ) dissolved in an aqueous 
medium containing 1 % intralipid , the third ( or the second to 
the lowest ) one corresponded to the control solution of 0.2 % 
glucose ( model 1 ) dissolved in an aqueous medium contain 
ing 1.14 % intralipid , and the fourth ( lowest ) one corre 
sponded to the control solution of 0.4 % glucose ( model 2 ) 
dissolved in an aqueous medium containing 2 % intralipid . 
Linear regression of the four sets of data in ( B ) resulted in 
the slopes of respectively 0.0032 , 0.0030 , 0.0027 , and 

0.0019 , and the R ? values of respectively 0.9872 , 0.9902 , 
0.9919 , and 0.9908 at an ascending order of the right - most 
points . 
[ 0082 ] Notice that the four sets of measurements corre 
spond to the same volume of the control solution injected to 
the same volume of the aqueous host medium whose scat 
tering properties were adjusted by the amount of intralipid . 
The volume of the control solution injected was controlled 
well by using 1 ml insulin syringe , whereas the volume of 
the aqueous host medium was only grossly estimated to be 
the same as the container had to be refilled after each batch 
of host medium was exhausted for one set of measurement . 
In terms of the consistency of measurement , even with 
magnetic agitation to homogenize the aqueous medium and 
a data acquisition time of 10 seconds to average over 
approximately 30 cycles of the agitation , the measurement 
was still subjective to variations due to the difficulty to 
grossly control the height and the area of the site of light 
collection on the curved surface of the aqueous medium 
yielded to the agitation . These limitations made inter - sample 
comparison of the absolute intensity of the diffuse reflec 
tance measurements less informative . Whereas , intra - sample 
evolutions of the relative change of the diffuse reflectance 
measurements could inform the effect of the only condition 
of the medium set that has been varied . 
[ 0083 ] Each set of measurements with the linear regres 
sion superimposed as shown in FIG . 12B has one of the 
other three sets to differ in only one controlled condition of 
the glucose - medium composite . For example , the top - most 
set marked by the squares and thinner red line differs from 
the lowest set marked by the diamonds and thicker black line 
in only the reduced scattering coefficient of the aqueous 
medium . The lowest set corresponding to an aqueous 
medium of 2 % intralipid and the top - most set corresponding 
to an aqueous medium of 1 % intralipid ( making its reduced 
scattering coefficient to be 50 % of the former ) were admin 
istered with the same set of cumulative volume of the control 
solution ( model 2 ) having 0.4 % glucose . Given that the 
cumulative volume of the glucose control solution was 
identical in these two sets , the lowest set had a slope of the 
change approximately 59 % of the top - most set in compari 
son to an expectation of 50 % due to the difference in reduced 
scattering coefficient . The second lowest set corresponding 
to an aqueous medium of 1.14 % intralipid and the second to 
the top - most set corresponding to an aqueous medium of 1 % 
intralipid ( making its reduced scattering coefficient to be 
87.7 % of the former ) were administered with the same set of 
cumulative volume of the control solution ( model 1 ) having 
0.2 % glucose . Given that the cumulative volume of the 
glucose control solution was identical in these two sets , the 
lower set had a slope of the change approximately 90 % of 
the upper set in comparison to an expectation of 87.7 % due 
to the difference in the reduced scattering coefficient . 
[ 0084 ] The top - most set and the second to the top - most set 
were similar in the reduced scattering properties of the 
aqueous medium corresponding to 1 % intralipid and admin 
istered with the same cumulative volume of the control 
solution . The only difference between these two sets was the 
effective glucose concentration in the control solution 
injected . Since the effective glucose concentration in the 
control solution injected was higher for the top - most set than 
that for the lower set , the slope of the change for the 
top - most set was expected to be greater than that of the 
lower set for the same reduced scattering property . However , 
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[ 0088 ] where Inoise ( a ) is the system noise at that time 
Iraula ) was obtained , and Ires ( a ) is a reference signal 
acquired from a standard of known reflectivity ( such as 
the Spectralon® diffuse reflectance standards ) . 

[ 0089 ] 2. Obtain an intermediate reflectivity Icona ) , by 
the following 

( b ) Icony ( a ) = 
1 

[ 1 – 106 ( a ) ] 2A 
1+ 

[ 0090 ] where A is an empirically obtained constant 
value that is a function of the refractive index of the 
medium . In some embodiments , the constant value A 
might be calculated as described previously , assuming 
for purposes of discussion only that the subject tissue 
has a refractive index of 1.4 : 
$ = 0.529 

A = ( 1 + ) / ( 1-5 ) = 3.251 

[ 0091 ] where the value of & is calculated as set out 
above and is preferably based on the refractive index of 
the current tissue , ntiss . 

[ 0092 ] 3. Obtain na ) , which is the ratio of absorption 
coefficient pa ) over reduced scattering coefficient u , ' ( a ) . 

the slope of the topmost set was only 6.7 % greater than that 
of the lower set , which is substantially smaller than the 
100 % higher of the effective concentration of the glucose in 
the control solution in the top - most set than in the lower set . 
This discrepancy was due to the existence of chromophores 
other than glucose in control solution to mitigate the changes 
to diffuse reflectance caused by glucose concentration 
change . Notice that even though the evolution of the top 
most set differed not very remarkably over the conditions 
assessed in comparison to the set lower to it , the pattern of 
the difference was consistent . It can be expected that , should 
the cumulative glucose concentration continue to increase , 
the absolute difference of the diffuse reflectance between 
neighboring sets would continue to increase , and that would 
render stronger the probability of identifying the glucose 
origin of the diffuse reflectance . 
[ 0085 ] The terminal effective glucose concentration in the 
aqueous medium experimented was less than 19 mg / dL . 
Note that this value does not represent the effective glucose 
concentration in tissue where the glucose has to be averaged 
over the vascular and interstitial spaces . Any spectral assess 
ment of glucose in tissue will also be subjected to compro 
mise by chromophores other than water and glucose . To 
retrieve the absorption contribution caused by glucose alone , 
the scattering properties of the target tissue will need to be 
quantified , which would call for techniques based on either 
diffuse reflectance or other optical methods . Implementing 
additional spectral discrimination measures will help isolate 
the effect to the diffuse reflectance intensity caused by 
glucose absorption . This will require assessing the diffuse 
reflectance at multiple discrete wavelengths over the spectral 
range wherein glucose has an absorption contrast over 
chromophores other than water . An overarching issue also 
needs to be considered for diffuse reflectance at a distance as 
great as 1.1 meters as reported herein : the need to increase 
the signal - to - noise ratio . Steady - state measurement was 
done with an extremely bright broadband light source and a 
camera with high sensitivity . The long projection distance , 
however , made the signal relatively weak and therefore 
sensitive to environmental noise and calibration error . A 
possible solution is to implement frequency - domain mea 
surements at wavelengths rendering isolation of glucose 
contribution to diffuse photon remission to take advantage of 
the coherence detection . Non - contact diffuse reflectance 
assessment of glucose at meters distance can best be per 
formed at a time - scale of video - rate once the signal to noise 
ratio has been increased . Practical applications that have 
reliable accuracy will be achievable as the signal - to - noise 
ratio is increased . 
[ 0086 ] Nevertheless , the methods and results disclosed 
herein make it clear that one approach to calculating glucose 
concentration in a tissue using the tissue reflectivity esti 
mates disclosed herein is as follows . The raw reflection 
signal acquired from tissue will be denoted by Iran ( a ) . One 
method of converting this raw tissue signal to glucose level 
would be as follows : 
[ 0087 ] 1. Obtain tissue reflectivity Locola ) . This step 
removes the effect of source - spectral variation as well as 
baseline noise , according to the following 

( c ) c 
( a ) = Mala ) 1 + + - 1 - 1 z ( ! conv ( A ) ) ? M ( A ) N 

[ 0093 ] 4. Obtain absorption coefficient u ( 2 ) via the fol 
lowing relationship : 

? . ( ? ) = ? ( ? ) ? , ( ? ) , ( d ) 

where us'a of tissue varies smoothly over the visible 
near - infrared spectrum and can be calibrated by using dedi 
cated instruments based on frequency - domain measure 
ments ( e.g. , measuring the phase change of an intensity 
modulated light after propagating in tissue ) or time - resolved 
( e.g. , measuring the broadening of a pulse of light after 
propagating in tissue ) . 
[ 0094 ] 5. Finally , one preferred method of obtaining glu 

cose concentration by using yala ) is via the following 
expressions : 

Hala ) = Eglucose ( ) - [ glucose ] + Ha_tissue_baselà ) . 

[ 0095 ] Solving for [ glucose ) yields : 

[ glucose ] = Ma ( 1 ) – Wa_tissue_base ( 1 ) 
Eglucose ( 1 ) 

( a ) 
loro ( a ) = = Iraw ( a ) - Inoise ( 2 ) 

Tref ( ) - Inoise ( 2 ) 

[ 0096 ] where la tissue base ( a ) is the absorption coeffi 
cient of tissue in the absence of glucose that needs to be 
calibrated and Eglucosea ) is the extinction coefficient of 
glucose , and [ glucose ) is the glucose level ( concentra 
tion , weight / volume ) in the sample . 
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[ 0097 ] In conclusion , this work has demonstrated that it is 
feasible to sense glucose in aqueous turbid medium over a 
distance greater than 1 meter by using diffuse reflectance 
approaches to probe the absorption / reduced - scattering ratio 
of the turbid medium . The diffuse reflectance with a working 
distance of approximately 1.1 meters was developed accord 
ing to a center - illumination - area - detection ( CIAD ) geom 
etry that referred to illuminating the sample with a narrow 
collimated beam and collecting the diffuse reflectance over 
the entirety of the surface area rendered by the collection 
optics and centered on the point - of - illumination . The 
response of diffuse reflectance has been examined with 
phantoms by altering independently the size of the collection 
geometry and the reduced scattering and absorption prop 
erties of the medium . When applied to aqueous turbid 
medium containing glucose control solutions with the cumu 
lative volume varying over three orders of magnitude , a 
linear relationship expected for the diffuse reflectance over 
a spectral range of 1.1-1.3 um and assessed at a 1.1 meters 
distance differentiated among four conditions of the glucose 
medium composition that differed either in the effective 
glucose concentration up to 17.8 mg / dL or the host medium 
scattering property . 
[ 0098 ] It is to be understood that the terms “ including ” , 
“ comprising ” , “ consisting ” and grammatical variants 
thereof do not preclude the addition of one or more com 
ponents , features , steps , or integers or groups thereof and 
that the terms are to be construed as specifying components , 
features , ps or integers . 
[ 0099 ] If the specification or claims refer to " an addi 
tional ” element , that does not preclude there being more than 
one of the additional element . 
[ 0100 ] It is to be understood that where the claims or 
specification refer to “ a ” or “ an ” element , such reference is 
not to be construed that there is only one of that element . 
[ 0101 ] It is to be understood that where the specification 
states that a component , feature , structure , or characteristic 
“ may ” , “ might ” , “ can ” or “ could ” be included , that particu 
lar component , feature , structure , or characteristic is not 
required to be included . 
[ 0102 ] Where applicable , although state diagrams , flow 
diagrams or both may be used to describe embodiments , the 
invention is not limited to those diagrams or to the corre 
sponding descriptions . For example , flow need not move 
through each illustrated box or state , or in exactly the same 
order as illustrated and described . 
[ 0103 ] Methods of the present invention may be imple 
mented by performing or completing manually , automati 
cally , or a combination thereof , selected steps or tasks . 
[ 0104 ] The term “ method ” may refer to manners , means , 
techniques and procedures for accomplishing a given task 
including , but not limited to , those manners , means , tech 
niques and procedures either known to , or readily developed 
from known manners , means , techniques and procedures by 
practitioners of the art to which the invention belongs . 
[ 0105 ] For purposes of the instant disclosure , the term “ at 
least ” followed by a number is used herein to denote the start 
of a range beginning with that number ( which may be a 
ranger having an upper limit or no upper limit , depending on 
the variable being defined ) . For example , " at least 1 ” means 
1 or more than 1. The term “ at most ” followed by a number 
is used herein to denote the end of a range ending with that 
number ( which may be a range having 1 or 0 as its lower 

limit , or a range having no lower limit , depending upon the 
variable being defined ) . For example , " at most 4 ” means 4 
or less than 4 , and " at most 40 % ” means 40 % or less than 
40 % . Terms of approximation ( e.g. , “ about ” , “ substantially ” , 
" approximately " , etc. ) should be interpreted according to 
their ordinary and customary meanings as used in the 
associated art unless indicated otherwise . Absent a specific 
definition and absent ordinary and customary usage in the 
associated art , such terms should be interpreted to be + 10 % 
of the base value . 
[ 0106 ] When , in this document , a range is given as “ ( a first 
number ) to ( a second number ) ” or “ a first number ) - ( a 
second number ) ” , this means a range whose lower limit is 
the first number and whose upper limit is the second number . 
For example , 25 to 100 should be interpreted to mean a 
range whose lower limit is 25 and whose upper limit is 100 . 
Additionally , it should be noted that where a range is given , 
every possible subrange or interval within that range is also 
specifically intended unless the context indicates to the 
contrary . For example , if the specification indicates a range 
of 25 to 100 such range is also intended to include subranges 
such as 26-100 , 27-100 , etc. , 25-99 , 25-98 , etc. , as well as 
any other possible combination of lower and upper values 
within the stated range , e.g. , 33-47 , 60-97 , 41-45 , 28-96 , etc. 
Note that integer range values have been used in this 
paragraph for purposes of illustration only and decimal and 
fractional values ( e.g. , 46.7-91.3 ) should also be understood 
to be intended as possible subrange endpoints unless spe 
cifically excluded . 
[ 0107 ] It should be noted that where reference is made 
herein to a method comprising two or more defined steps , 
the defined steps can be carried out in any order or simul 
taneously ( except where context excludes that possibility ) , 
and the method can also include one or more other steps 
which are carried out before any of the defined steps , 
between two of the defined steps , or after all of the defined 
steps ( except where context excludes that possibility ) . 
[ 0108 ] Further , it should be noted that terms of approxi 
mation ( e.g. , " about ” , “ substantially " , " approximately ” , 
etc. ) are to be interpreted according to their ordinary and 
customary meanings as used in the associated art unless 
indicated otherwise herein . Absent a specific definition 
within this disclosure , and absent ordinary and customary 
usage in the associated art , such terms should be interpreted 
to be plus or minus 10 % of the base value . 
[ 0109 ] Still further , additional aspects of the instant inven 
tion may be found in one or more appendices attached hereto 
and / or filed herewith , the disclosures of which are incorpo 
rated herein by reference as if fully set out at this point . 
[ 0110 ] Thus , the present invention is well adapted to carry 
out the objects and attain the ends and advantages mentioned 
above as well as those inherent therein . While the inventive 
device has been described and illustrated herein by reference 
to certain preferred embodiments in relation to the drawings 
attached thereto , various changes and further modifications , 
apart from those shown or suggested herein , may be made 
therein by those of ordinary skill in the art , without departing 
from the spirit of the inventive concept the scope of which 
is to be determined by the following claims . 
What is claimed is : 
1. A method of non - contact glucose sensing comprising 

the steps of : 
( a ) situating a light source at a distance of between 0.5 and 

2 meters from a sample ; 
a 



US 2022/0018762 A1 Jan. 20 , 2022 
15 

A is 

A = ( 1 + ) / ( 1-5 ) 
( b ) directing said light source at said sample ; 
( c ) obtaining one or more non - contact measurements of a 

light reflectance from said sample ; and 
( d ) using said one or more measurements of light reflec 

tance to determine a glucose level in the sample . 
2. A method of non - contact glucose sensing according to 

claim 1 , wherein step ( c ) comprises the step of obtaining one 
or more non - contact measurements of light reflectance from 
said sample at light wavelengths between 1100 nm and 1300 

= -1.44ntiss - 2 + 0.710n tiss = ' + 0.668 + 0.0636ntiss , 
where 
ntiss is a refractive index of said sample , and 

nm . loro ( ) = Iraw ( A ) – Inoise ( a ) 
Tref ( ) – Inoise ( a ) 

3. A method of non - contact glucose sensing according to 
claim 1 , wherein step ( c ) comprises the step of obtaining one 
or more non - contact measurements of light reflectance from 
said sample at light wavelengths between 1100 nm and 1300 
nm , or between 1200 nm and 1400 nm , or between 1400 nm 
and 1600 nm , or between 1600 and 1800 nm , or between 
1200 nm and 2000 nm . 

4. A method of non - contact glucose sensing according to 
claim 1 , wherein step ( c ) comprises the step of obtaining one 
or more non - contact measurements of light reflectance from 
said sample at light wavelengths having a center wavelength 
of 1300 nm , or 1500 nm , or 1700 nm , or 1900 nm . 

5. A method of non - contact glucose sensing according to 
claim 1 , wherein step ( d ) comprises the step of using said 
one or more measurements of light reflectance to determine 
a glucose level in the sample according to the formula : 

Mala ) – Mla_tissue_base ( 1 ) ( glucose ] = 
Eglucose ( A ) 

where 
à is a wavelength of light of one of said one or more 

non - contact measurements of light reflectance from 
said sample , 

[ glucose ) is said glucose level in the sample , 
Ha_tissue_baselà ) is an absorption coefficient of said sample 

for light at said wavelength à in an absence of glucose , 
Eglucose ( a ) is an extinction coefficient of glucose at for 

light at said wavelength 2 , and 
?a ) is an absorption coefficient of said sample for light 

at said wavelength 2 .. 
6. A method according to claim 5 , wherein yala ) is 

calculated as : 
Hala ) = n ( a ) u , ' ( a ) , 

where 
Iran ( a ) is one of said non - contact measurements of light 

reflectance from said sample for light at said wave 
length 2 . 

Inoise ( a ) is a noise level during a time when Iraula ) was 
obtained , and 

Irega ) is a reference reflectance acquired from a reference 
standard of known reflectivity . 

7. A method according to claim 6 , wherein where ntiss is 
1.4 . 

8. A method according to claim 1 , wherein said light 
source is situated at distance of 1.1 meters from said sample . 

9. A system of non - contact glucose sensing in a sample , 
comprising : 

( a ) a broadband laser - driven light source , said light source 
situated at a distance of between 0.5 and 2 meters from 
said sample ; 

( b ) a irst ens system for directing a light emitted from 
said light source toward said sample ; 

( c ) a second lens system for receiving at least a portion of 
light from said light source reflected from said sample ; 

( d ) a monochromator , said monochromator for receiving 
from said second lens system said at least a portion of 
light from said light source reflected from said sample 
and selectively passing to an output fewer than all of 
any wavelengths of light received from said second 
lens system ; 

( e ) a CCD device receiving said output of said mono 
chromator and producing a measurement of light 
reflectance ; and 

( f ) a CPU in electronic communication with said CCD 
device , said CPU at least programmed to perform the 
steps comprising : 
( 1 ) reading from said CCD device said measurement of 

light reflectance from said sample ; and 
( 2 ) using said read measurement of light reflectance to 

determine a glucose level in said sample . 
10. A system according to claim 9 , wherein said mono 

chromator is a spectrograph . 
11. A system according to claim 9 , wherein said CCD 

device is a digital camera . 
12. A system according to claim 9 , wherein said CPU is 

a desktop computer . 
13. A system according to claim 9 , wherein said mono 

chromator is configured to pass to said output light at 
wavelengths between 1100 nm and 1300 nm , or between 
1200 nm and 1400 nm , or between 1400 nm and 1600 nm , 
or between 1600 and 1800 nm , or between 1200 nm and 
2000 nm . 

14. A system according to claim 9 , wherein said mono 
chromator is configured to pass to said output light at 

where 
us ' ( a ) is a calibrated reduced scattering coefficient of said 

sample for light at said wavelength , 
a 

4 
n ( A ) = 1 + j ( lcony ( A ) ) 2 - 1 

Iconv ( ) 
1 

- [ 1 – 1o6 . ( ) ] 2A 
1 + 3 

where 
Icony ( a ) is an intermediate reflectivity of said sample for 

light at said wavelength à , 
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-continued 
Iconv ( a ) 

wavelengths having a center wavelength of 1300 nm , or 
1500 nm , or 1700 nm , or 1900 nm . 

15. A system according to claim 9 , wherein step f ( 2 ) 
comprises the step of using said read measurement of light 
reflectance to determine a glucose level in the sample 
according to the formula : 

1 
- [ 1 – 106 ( a ) ] 2A 

1 + 

where 
loon ( a ) is an intermediate reflectivity of said sample for 

light at said wavelength ì , 
A is 

[ glucose ] Malà ) - Wa_tissue_base ( 2 ) 
E glucose ( A ) 

A = ( 1 + 3 ) / ( 1-5 ) 

$ = - 1.44Ntiss - 2 + 0.710N tiss - ++ 0.668 + 0.0636ntisse 
where 
ntiss is a refractive index of said sample , and 

100 ( 2 ) = 

where 
a is a wavelength of light of passed to said output of said 
monochromator , 

[ glucose ) is said glucose level in the sample , 
Ha_tissue_basea ) is an absorption coefficient of said sample 

for light at said wavelength à in an absence of glucose , 
Eglucosea ) is an extinction coefficient of glucose at for 

light at said wavelength à , and 
4 W ) is an absorption coefficient of said sample for light 

at said wavelength à . 
16. A method according to claim 15 , wherein ua ) is 

calculated as : 
?? ( ? ) = ? ( ? ) ? , ( ? ) . 

where 
uz ' ( ) is a calibrated reduced scattering coefficient of said 

sample for light at said wavelength , 

Iraw ( a ) - Inoise ( 2 ) 
Tref ( 2 ) - Inoise ( a ) 

a 

where 
Irawa ) is one of said non - contact measurements of light 

reflectance from said sample for light at said wave 
length , 

Inoiselà ) is a noise level during a time when Iraula ) was 
obtained , and 

Ire ( ) is a reference reflectance acquired from a reference 
standard of known reflectivity . 

17. A method according to claim 6 , wherein where ntiss is 
1.4 . 

a 

4 . 
n ( a ) = ( xeo 1 + a žilconul Iconv ( A ) ) 2 - 1 


